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Terra MODIS On-Orbit Spatial Characterization
and Performance

Xiaoxiong Xiong, Nianzeng Che, and William Barnes

Abstract—The Moderate Resolution Imaging Spectrora-
diometer (MODIS) Proto-Flight Model, onboard the National
Aeronautics and Space Administration’s Earth Observing System
Terra spacecraft, has been in operation for over four years. It
has 36 spectral bands and a total of 490 detectors located on
four focal plane assemblies (FPAs). MODIS makes observations
at three spatial resolutions (nadir): 0.25 km (bands 1-2), 0.5 km
(bands 3-7), and 1 km (bands 8-36). The instrument’s spatial
characterization was measured prelaunch using an integration
and alignment collimator. Parameters measured included the
detectors’ instantaneous field-of-view (IFOV), band-to-band regis-
tration (BBR), and line spread function in both the along-scan and
along-track directions. On-orbit, the spatial characterization is
periodically measured using the onboard spectro-radiometric cal-
ibration assembly (SRCA). This paper describes the SRCA BBR
algorithms, characterization methodologies, and on-orbit results.
A Fourier approach used to calculate the along-track BBR is also
described. This approach enhances the algorithm’s robustness in
comparison with the conventional centroid approach. On-orbit
results show that the Terra MODIS focal planes shifted slightly
during launch and initial on-orbit operation. Since then they have
been very stable. The BBR is within 0.16 km (nadir IFOV) in the
along-scan direction and 0.23 km (nadir IFOV) in the along-track
direction among all bands. The small but noticeable periodic vari-
ation of the on-orbit BBR can be attributed to the annual cycling
of instrument temperature due to sun—earth distance variation.
The visible FPA position has the largest temperature dependence
among all FPAs, 17 m/K along-scan and 0.6 m/K along-track.

Index Terms—Calibration, instrument, remote sensing, spatial
alignment.

1. INTRODUCTION

HE Moderate Resolution Imaging Spectroradiometer

(MODIS) Proto-Flight Model (PFM) has been operating
on-orbit since its launch on December 18, 1999, providing
continuous global data for studies of the earth’s land, oceans,
and atmosphere [1]-[3]. It has 36 spectral bands located on
four focal plane assemblies (FPAs) covering wavelengths in the
visible (VIS), near infrared (NIR), short- and midwave infrared
(SMIR), and longwave infrared (LWIR). The SMIR and LWIR
FPAs are radiatively cooled to their nominal operating temper-
ature of 83 K. MODIS has three different nadir ground spatial
resolutions: 0.25 km (bands 1-2), 0.5 km (bands 3-7), and
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Fig. 1. MODIS instrument.

1 km (bands 8-36). For bands with subkilometer resolution,
multiple subsamples are acquired in the along-scan direction
(four for bands 1-2 and two for bands 3-7). In the along-track
direction, there are 40 detectors per band for bands 1-2, 20
detectors per band for bands 37, and ten detectors per band
for bands 8-36. MODIS bands 1-19 and 26 with wavelengths
from 0.41-2.2 pim are categorized as the reflective solar bands
(RSBs), and the remaining are the thermal emissive bands
(TEBs) with wavelengths from 3.5-14.5 pm.

As shown in Fig. 1, MODIS uses a double-sided scan mirror
that views the onboard calibrators (OBCs) and the earth scene
at 20.3 r/min. It is equipped with a number of onboard calibra-
tors: a v-grooved blackbody (BB), a solar diffuser (SD), a solar
diffuser stability monitor (SDSM), a spectro-radiometric cali-
bration assembly (SRCA), and a spaceview port (SV). They are
located opposite the earth view. Hence, when the scan mirror
is rotating, one side of the mirror views the earth scene, and
the other side consecutively views the calibrators. The BB and
SV data used for calibration of the thermal emissive bands are
obtained every scan, while the SD and SDSM were operated
weekly during the first year and biweekly thereafter for calibra-
tion of the reflective solar bands [4]-[6]. The SDSM is used to
track SD reflectance degradation on-orbit.

The SRCA has three operational modes: spatial, spectral, and
radiometric. The spatial mode, operated bimonthly, is used to
track the band-to-band registration (BBR) of all 36 bands from
prelaunch to on-orbit and their changes over time [7]-[9]. In
spectral mode, operated trimonthly, the SRCA functions as a
self-calibrated monochromator to characterize RSB spectral re-
sponse and center wavelength shifts [10], [11]. The radiometric
mode, typically operated monthly, is used to monitor RSB re-
sponse changes at an angle of incidence (AOI) of 38.2° to the
scan mirror and to support the RSB calibration by the SD (i.e.,
performed at an AOI to the scan mirror of 50.2°) [12].
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The SRCA contains VIS/NIR and infrared (IR) sources, a
monochromator or optical relay, and a collimator (Fig. 2). The
VIS/NIR source is a spherical integration source (SIS) with four
10-W lamps and two 1-W lamps (one of the 10-W lamps and
one of the 1-W lamps are backups) to provide multiple levels
of illumination for the RSB characterization. A thermal source
provides IR energy. When the SRCA is in spatial mode, a beam-
combiner on the filter wheel is used. The light coming out of
the SIS passes through it while the IR beam is reflected from
its surface. The combined beams provide illumination for all 36
bands. The light passes through the beam combiner and is fo-
cused onto the monochromator’s entrance slit. After reflection
by a collimating mirror, the beam passes onto a mirror or grating
(the grating is used for the spectral characterizations). The beam
is then refocused onto an exit slit (or various interchangeable
reticles) by the focusing mirror. The follow-up Cassegrain tele-
scope system expands and collimates the beam before it exits
the SRCA and is viewed by the MODIS scan mirror.

When the SRCA is in spatial mode, an entrance slit equivalent
to a 5 km (scan direction) X 12 km (track direction) nadir [FOV
[Fig. 3(a)] is used. The mirror, instead of the grating, is in po-
sition so that the monochromator functions as a simple optical
relay system. Located at the exit position are two reticles: one
for along-scan, which is identical to the entrance slit [Fig. 3(a)],
and the other for along-track [Fig. 3(b)] with stepped openings.
The two reticles are positioned in turn to measure MODIS spa-
tial response in both directions. The SRCA collimator and the
MODIS optics image the reticles onto the FPAs.

In the spatial mode, the IR source is on, and the lamps in-
side the SIS are turned on in sequence of three 10 W, two 10 W,
one 10 W, and 1 W. Each band utilizes one light-source con-
figuration for its optimal (i.e., on-scale) signal. Since the lamps
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Fig. 3. SRCA spatial mode reticles (a) along-scan and (b) along-track.

need warm-up time, both the along-scan and along-track mea-
surements are performed at each lamp configuration before it is
changed.

II. ALGORITHM FOR DETERMINING ALONG-SCAN BBR

The along-scan BBR reticle images a 12-km (equivalent
along-track nadir IFOV) reticle onto the FPAs. All detectors
within a band are illuminated simultaneously. The knife-edge
reticle cuts-on (illuminates) and then cuts-off (darkens) the
detectors of each band as the scan mirror is rotated. In the
along-scan direction, the 5-km IFOV width typically provides
full illumination of four frames (one frame is equivalent to
a 1-km nadir IFOV). Normally, MODIS takes ten frames of



XIONG et al.: TERRA MODIS ON-ORBIT SPATIAL CHARACTERIZATION AND PERFORMANCE 357

SRCA data each scan. For each 1-km resolution frame, two
subsamples are taken for 0.5-km resolution bands and four
subsamples for 0.25-km resolution bands.

In order to improve the measurement precision, electronic
phase delay of the sample timing is applied. The phase delay
changes the start of data sampling time for the MODIS detec-
tors so that the step size between two consecutive data points
is reduced. The capability of phase delay can also adjust the
BBR along-scan between FPA without physically shifting the
FPA. The phase delay is set to have equal timing shifts so that
the data sampling has delays equivalent to 0, 0.2, 0.4, 0.6, 0.8,
and 1 km. The 1-km phase delay is added here for repeatability
check. It produces the same results as that from the O phase delay
with extra one frame shift and is, therefore, not used in the BBR
algorithm. Including the phase delay shifts, the data sampling
position in the along-scan direction Zscay 1S given by

Tscan = Nframe + SZdetector : (Nsubsample - 1) +0.2- Ndelay

(D
where
Nirame frame number from 1 to 10 for the SRCA data;
SZgetector detector size as a fraction of 1-km detector size,
1/4 for bands 1-2, 1/2 for bands 3-7, and 1 for
bands 8-36;
Nsubsample Subsample number from 1 through 4 for bands
1-2, 1 or 2 for bands 3—7, and 1 for bands 8-36;
Ndelay phase delay number from O to 4 corresponding

to the phase delays of 0, 0.2, 0.4, 0.6, and 0.8.

For instance, the data sample position, Zscan, for the 0.5-km
resolution bands is 1, 1.5, 2, . .. for phase delay 0; 1.2, 1.7, 2.2,
... for phase delay 0.2; 1.4, 1.9, 2.4, . .. for phase delay 0.4; 1.6,
2.1, 2.6, ... for phase delay 0.6; and 1.8, 2.3, 2.8, . .. for phase
delay 0.8. Note that the data points have a step size of 0.1-km
IFOV except for a few data points at both ends. Similarly, the
step size is 0.05 km for the 0.25-km resolution bands and 0.2 km
for the 1-km resolution bands. In general, the smaller detectors
have a higher precision in their BBR measurements because of
the subsamples. The total number of sample points (/V) in the
along scan BBR measurements are 200, 100, and 50 for 0.25-,
0.5-, and 1-km bands, respectively.

An example of detector response digital number, dn (dn is
SRCA DN with SRCA dark DN, averaged DN of frames 1 and
9, subtracted) versus sample position Zsc,y, is illustrated in Fig. 4
using band 3 detector 10. The centroid value of the sample po-
sition from the response curve determines the detector position
in the along-scan direction [7]

N
Z xscan(i) -dn (b, d, m, xscan(i))
(xscan(b7 d7 m)> = = N (2)
Z dn (b7 d,m, xscan(i))

i=1

where dn(b, d, m, Tscan (7)) is the detector’s response at position
Zscan(?) for a give band (b), detector (d), and mirror side (m),
N is the total number of data points, with values of 200, 100,
and 50 for the 0.25-, 0.5-, and 1-km resolution bands. Due to
the possible existence of a wedge-shaped scan mirror, (Zgcan)
is calculated for each mirror side.
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Fig. 4. Detector response in along-scan measurement.

The BBR relative to a reference band (b, ) is the average over
both mirror sides given by

2
A‘Tscan(ba d) = % Z {(wscan(ba da m)} - <$scan(b07 d7 m)}} .

(€)

In the along-scan direction, the BBR can be determined for
each detector, sometimes referred to as the detector-to-detector
registration (DDR). The final BBR for a band is averaged
over its detectors. The precision of the (Zscan) OF AZigcan iS
closely related to the precision of the dns. For the thermal emis-
sive bands, one of the potential sources of the measurement
uncertainties is the dn variation due to thermal background
drift. During the measurement, the phase delay is changed
after a certain number of scans (typically 36 scans for each
setting). When there is a thermal disturbance, the dns may
differ during different phase delays. In our approach we correct
the dn differences between phase delays using the dns from
frames with full illumination. Electronic crosstalk (observed
in the SWIR bands) also causes the dns to change for frames
where neighboring bands are illuminated. This effect distorts
the response profile and thus impacts the precision of the BBR
measurements.

III. ALGORITHM USING A FOURIER APPROACH FOR
DETERMINING ALONG-TRACK BBR

MODIS is a cross track scanning radiometer. Instead of mea-
suring the BBR in the along-track direction for each detector,
the MODIS SRCA can only track the BBR from all the de-
tectors in a band as some of the detectors are not illuminated.
In the along-track measurement, the four rectangular openings
in the along-track reticle [Fig. 3(b)] are equivalent (at nadir) to
2.55 km along-scan and 1.5 km along-track. The along-scan size
ensures that two fully illuminated 1-km frames can be obtained
for the corresponding detectors. Considering the detector inte-
gration time, only frames 4 and 7 of the ten frames of data have
dn values unaffected by signal integration transitions. Therefore
only the dns from these two frames are utilized in our along-
track BBR algorithm. Fig. 5 shows the detectors’ responses for
a 1-km IFOV band (band 8). Since each detector has a different
fraction of illumination by the left and right openings in one
scan, its responses or signals are not the same.
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The instrument developer, Raytheon/Santa Barbara Remote
Sensing (SBRS) in Goleta, CA, has developed an algorithm
which utilizes the opening positions along-track to form a bell-
shaped response curve. There are 20 data sample points for the
1-km bands (ten detectors and two frames of data per detector),
and 40 and 80 data sample points for the 0.5- and 0.25-km bands.
The BBR along-track can thus be determined from the centroid
of the bell-shaped response [8].

Fig. 6 shows the detector responses of band 1 with 40 detec-
tors. Two response curves in Fig. 6 correspond to the left and
right full opening cases. The distance between the left and the
right curves is dsep, the step shift between left and right open-
ings in the along-track direction. The distance between two re-
sponse peaks is equal to dopen, the distance between the upper
and the lower openings [Fig. 3(b)].

In order to have proper measurement along-track, it is imper-
ative to have a relative calibration (or response normalization)
among detectors within a band, since each detector has its own
gain. If there is no correction, the dn values in (4) will be weighted
by their gain values. In addition, the SRCA output may be nonuni-
form across the detectors of each band. Vignetting effect may
alsoreduce the dns significantly. Obviously, uncorrected dns will
degrade the band position determination. Unlike the along-scan
case where the calculation is detector based, along-track BBR
calculation combines dns from all detectors in a band.

The relative calibration utilizes the dn from the along-scan
measurement. The dn for each detector is determined by aver-

aging over fully illuminated frames. The averaged dn for a band
and mirror side dn,, (b, m) is

Naetector (b)

>

d=1

1

dnaV(b7 m)scan Ndetector(b)

“)

where the bar sign implies the average of fully illuminated

frames, and Ngetector (b) is the number of detectors for the band

b. The subscript “scan” indicates that the dn is measured during
along-scan calibration.

Therefore, the correction coefficient for

kcore (b, d,m) is

a detector

kcorr(b. d, m) = dnav(blm)scan ' 5)
) &, dn(b, d, f,m)scan

If the dn’ is the along-track response before relative calibra-
tion, then the after relative calibration dn is given by

dn(b,d,m) = dn’(b,d, m) - keore (b, d, m). (6)

Using detector responses with relative calibration, the
centroid positions of the left and right response curves
(Ttrack (b, m))r, and (@track (b, m))Rr are calculated by

N(b)
Z xtrack(d) . dn<b7 d7 fL7 m)
d=
(Brack (b, m))y, = =0 ™
Z dn(b7 da fL7 m)
d=1

and
N(b)
Z xtrack(d) . dn<b7 d7 fR7 m)
d=
<xtrack(bam)>R = ! N(b) (8)
Z dn(b7 d7 fR7 m)
d=1

where dn(b, d, f, m) is the detector’s response at frame fi, or fgr
for a given band (b), detector (d), and mirror side (m), N(b) is
the total number of detectors in a band (b). The subscripts L and
R are used to indicate the responses from left response curve
and right response curve. The values of Z,ack(d) vary from 1
to 10.75 (40 points) for bands 1 and 2, 1 to 10.5 (20 points)
for bands 3-7, and 1 to 10 (10 points) for 1-km bands. There is
no subframe number because only dns from the average of all
subframes are utilized in this algorithm. The average value of
<ztrack(b7m)>L and (xtrack(bam)>R’ (xtrack,avg(b7m)>’ when
compared with a reference band, determines the relative band
centroid shift in the along-track direction.

The disadvantage of using the centroid approach is that the al-
gorithm is not robust. Any bad dns due to noisy or nonfunctional
detectors (especially for the illuminated detectors) will signifi-
cantly impact the band shift value. A Fourier approach was de-
veloped [13] to improve the robustness and result consistence
according to the data analysis and result comparison. This ap-
proach is applied throughout the SRCA spatial measurements.

The BBR shift calculated by the Fourier approach uses the
position of the entire profile shown in Fig. 6. The band posi-
tion along-track is expressed by the phase angle of a periodic
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function. Changes in phase uniquely determines the band shift
relative to a reference band.

For fast algorithm convergence, we start from the band cen-
troid shift, (@rack(b, m)) — (Tirack), With a bias of @pi.s €x-
pressed in radians as

2T

+ (b, m)
©)]

where (Zirack) 18 equal to (Track (b, m)) when the band has no
shift in the along-track direction.

The value of (z(acx) depends on the reticle position relative
to the FPA. The phase angle v(b, ) is initialed as zero. Again,
we treat each mirror side separately. Therefore, the phase angles
corresponding to the two response curves for each detector can
be calculated by

gobias(b7 m) = {(ztrack,avg(b7 m)) - (mtrack>} - d
open

OL(b, d,m) = [Terack(d) — (Terack) — 0.5 - dsgep) - dfﬁ

~ Pbias(b,m) (10)
Or(b,d, m) = [Tirack(d) — (Ttrack) + 0.5+ dsep] - dfﬁ

— ©bias(b,m) (11

where 2y (d) is the same as in (7) and (8). The periodic func-
tion is considered only in the range from —27 to 2x. All the
phase angles beyond this range will be set to zero. The Fourier
sine and cosine components can therefore be expressed by [14]

N(d)
Sa(bym) = {dn(b,d, fi.,m) - sin 6 (b, d, m)
d=1
+dn(b,d, fr,m) - sinfr(b,d,m)} (12)
and
N(d)
Sy(b,m) =Y {dn(b,d, fr,m) - cos by.(b, d, m)
d=1
+dn(b, d, fr,m) - cosOr(b,d,m)}. (13)
Thus the phase angle is calculated
~v(b,m) = atan (Sz(b,m), Sy(b,m)). (14)

The phase angle is a correction to @hias(b, m) in (9). The
iteration continues until the phase angle correction is converged
to a preset small number. The final band shift relative to its ideal
position along-track is the average of the shifts from both mirror
sides

1 Phias(b,m)
bias\Y,
Axtrack(b) = 5 Z T . dopen- (15)
m=1

The use of a periodic function to approximate the actual re-
sponse curve may cause some theoretical uncertainty. This es-
timated uncertainty is about 1 m over a shift range of 0.1 km
along-track. Therefore the Fourier approach is acceptable for
the along-track BBR calculations.
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IV. BBR MEASUREMENTS

MODIS specification requests that the BBR between any
bands be within 0.2 km. This means the BBR for all 36 bands
should be located in a belt in width of 0.2 km wide in both
along-scan and along-track directions.

A. Prelaunch Calibration

The MODIS BBR was measured prelaunch at SBRS using
the integration and alignment collimator (IAC). The IAC output
uniformly fills the MODIS aperture. In the along-scan measure-
ment, a narrow slit is scanned across the MODIS detectors. Fine
phase delays with a step size of 0.1 km are applied to increase
the measurement precision. The centroid value of each detector
along-scan is calculated from the detector’s response profile.
When the BBR in the along-track direction is measured, a reticle
with three inclined narrow slits is utilized. The inclination angle
is such that each slit moves 1-km IFOV along-track as the reticle
moves 12-km IFOV along-scan. Thus, only three 1-km IFOV
detectors can have signals that produce a dn versus data frame
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Fig. 9. SRCA along-scan signal at different phase delay and their combination.

profile. The average of these three centroid values determines
the BBR along-track. The TAC results provide the prelaunch
BBR for the instrument.

During prelaunch spatial characterization, the SRCA was also
operated to measure the BBR in the same environment and at
nearly the same time as the IAC. The difference (or offset) in
BBR between the IAC and the SRCA is used as a correction
term for the SRCA measurements and is assumed to remain un-
changed throughout on-orbit operations.

During on-orbit calibration and characterization, the SRCA is
periodically operated in spatial mode to check the BBR changes
over time. The on-orbit BBR values at time ¢ are equal to the
on-orbit SRCA BBR results at time ¢ plus the prelaunch offset
between IAC and SRCA at ¢,

BBRscan(b> d> t) = BBRscan,SRCA(b7 d7 t)
+ BBRscan,IAC(b7 d7 to)

- BBRscan,SRCA(b7 d7 to) (16)

1600 |
1400 e 1]
1200 - '\\
1000 ; \
= / \
(=] 800 ’/ \
800 k
400 4 NC
200 =4 ——
0
1 2 3 4 5 6 7 8 g 10
Frame
Band 9, Day 99-2004
(phase-delay = 0.6)
1600 ]_
1400 - S
Y
1200 /F’/’d_ N
1000 i
Z 800 \
(=] /
600 7 \
400 e \'&
200 ] =
0
1 2 3 4 5 6 7 8 g 10
Frame
Band 9, Day 99-2004
(Middle detector, all delays)
1600 T
1400 Rx IO
1200 3
1000 v S
Z 800 X \
800 2 N
400 vi
200 >)< Xf\mooolxm
0 |
0 2 4 6 8 10 12
Frame
BBRtrack(b7 t) = BBRtrack,SRCA(b7 t)
+ BBRtrack,IAC(ba to)
— BBRyyack,srcA (b, t0)- 17

When the SRCA was first mounted in the MODIS, the align-
ment between the MODIS FPAs and the SRCA was carefully
adjusted. However, misalignment may have occurred during
testing and during spacecraft launch. To minimize errors due
to misalignment between MODIS and the SRCA, the BBR is
relative to a reference band. Band 1 is selected for this purpose
for the following reasons: 1) it has the highest spatial resolution
and the highest precision in BBR the measurements; 2) it is
located near the sensor’s optical axis; and 3) its response is high
under the SRCA illumination. To determine the geolocation
of MODIS images, the ground footprint of band 1 is carefully
determined using ground control points worldwide [15], and all
other band/detector footprints are determined using the BBR
values relative to band 1.
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The Terra MODIS prelaunch BBR was initially measured in
ambient. In this test, the SMIR and LWIR focal planes were
cooled by a bench test cooler (BTC). Unfortunately, the SNRs
were too low for bands 5, 6, 20, and 22. The BBR values for
these bands have been estimated from their neighboring bands
and verified by the SRCA results from thermal vacuum (TV)
tests. Figs. 7 and 8 illustrate the BBR measured by the IAC and
the SRCA in both the along-scan and along-track directions. It
shows that the BBR is slightly out of specification for bands 28,
29, and 30 along-scan.

The BBR results in Figs. 7 and 8 indicate that there are ap-
preciable differences between the IAC and the SRCA for some
bands along-scan. One possible reason for this is that the SRCA
only partially fills the MODIS aperture. Differences in slit width
between the two devices and crosstalk between some bands can
also cause differences. Nonuniform thermal (temperature) dis-
tribution along the SRCA reticle could also introduce bias in the
thermal bands.

The measurement of band centroids along-track has relatively
large IAC/SRCA differences. This may be due to the use of three
measured detector positions in the IAC measurements, whereas
the SRCA uses signals from all detectors. It is not critical to
match the two measurements as long as the SRCA measure-
ments remain stable and repeatable. The IAC provides absolute
BBR values, while the SRCA detects changes from test to test.

B. BBR Tracking On-Orbit

The SRCA was operated in the spatial mode during prelaunch
TV testing at cold, nominal, and hot instrument temperature
plateaus and was retested at the spacecraft integration stage at
similar instrument temperatures to monitor the changes in BBR
prior to launch. After the first 100 days of on-orbit operation,
the instrument stabilized. Since then, the SRCA has been used
periodically to monitor the BBR variation over time [9].

Fig. 9 shows examples of MODIS band 9 detector responses
(dns) during SRCA along-scan spatial characterization on day
2004 099. The DN for all detectors and scans are overplotted
in Fig. 9(a)—(e) for five different phase delays (0, 0.2, 0.4, 0.6,
and 0.8) to illustrate the scan-to-scan repeatability and response
uniformity of detectors in a band. Fig. 9(f) is the along-scan re-
sponse derived by combining data points from all phase delays
for the band 9 middle detector. The high precision of SRCA
spatial characterization is illustrated via the consistency in the
long-term trending. Table I provides a comparison of detector-
to-detector registration (DDR) between prelaunch (nominal
temperature plateau) and on-orbit (day 2004 099). The data
show that the DDR patterns (DDR versus detector number) are
very consistent for the two datasets that were taken seven years
apart. The BBR difference calculated for mirror sides 1 and 2 is
less than 0.003 km, illustrating the measurement repeatability.
On the other hand, the mirror side differences in BBR without
normalized to band 1 can be utilized in estimating the inclina-
tion angle between the two surfaces of the mirror. Based on the
available data, the mirror side wedge angles are less than 2.41
=+ 0.21 arcsec. along-scan and 2.87 =+ 0.16 arcsec. along-track.

Figs. 10 and 11 summarize the spatial characterization results
from four years of Terra MODIS (PFM) BBR in both the along-
scan and along-track directions. The x axis is days from January

TABLE 1
COMPARISONS OF MODIS BAND 3 DDR BETWEEN PRELAUNCH TV
TEST AT NOMINAL (NOM) TEMPERATURE PLATEAU AND ON-ORBIT
MEASUREMENT ON DAY 2 004 099

Band | Detector Nom_TV Day 2004099 Nom_TV [ 2004099
MS_1 MS_2 MS_1 MS_2 MS_2-MsS_1

3 1 -0.0355 | -0.0352 | -0.0062 | -0.0084 | 0.0003 | -0.0022
3 2 -0.0353 | -0.0358 | -0.0051 | -0.0082 | -0.0005 | -0.0031
3 3 -0.0291 | -0.0287 | -0.0004 | -0.0033 | 0.0004 | -0.0029
3 4 -0.0306 | -0.0312 | -0.0013 | -0.0032 | -0.0006 | -0.0019
3 5 -0.0306 | -0.0302 | -0.0017 | -0.0040 | 0.0004 | -0.0023
3 6 -0.0300 | -0.0289 | -0.0008 | -0.0028 | 0.0011 | -0.0020
3 7 -0.0334 | -0.0333 | -0.0049 | -0.0063 | 0.0001 | -0.0014
3 8 -0.0298 | -0.0283 | -0.0001 | -0.0033 | 0.0015 | -0.0031
3 9 -0.0318 | -0.0325 | -0.0026 | -0.0046 | -0.0007 | -0.0020
3 10 -0.0355 | -0.0346 | -0.0045 | -0.0070 | 0.0009 | -0.0025
3 11 -0.0337 | -0.0337 | -0.0038 | -0.0062 | 0.0000 | -0.0024
3 12 -0.0335 | -0.0324 | -0.0028 | -0.0043 | 0.0011 | -0.0015
3 13 -0.0344 | -0.0340 | -0.0033 | -0.0055 | 0.0004 | -0.0022
3 14 -0.0301 | -0.0290 | 0.0010 | -0.0013 | 0.0011 | -0.0023
3 15 -0.0298 | -0.0288 | 0.0011 | -0.0023 | 0.0010 | -0.0033
3 16 -0.0273 | -0.0254 | 0.0038 | 0.0008 | 0.0019 | -0.0030
3 17 -0.0241 | -0.0239 | 0.0057 | 0.0032 | 0.0002 | -0.0025
3 18 -0.0223 | -0.0215 | 0.0088 | 0.0065 | 0.0008 | -0.0023
3 19 -0.0225 | -0.0225 | 0.0074 | 0.0042 | 0.0000 | -0.0032
3 20 -0.0259 | -0.0259 | 0.0047 | 0.0025 | 0.0000 | -0.0022

1, 2000. The prelaunch nominal plateau results are used as the
reference for the on-orbit trending. The four separate plots cor-
respond to the four MODIS FPAs: VIS, NIR, SMIR, and LWIR.
The band numbers, in sequence of band location on the FPAs, are
given in the legends. There are four vertical lines in these plots.
The first two correspond to when the electronics configuration
was changed from side A to side B on day 2000 304 and then
changed back from side B to side A on day 2001 083. As one
would expect, the electronic changes had no impact on the BBR.

The other two vertical lines mark the time period in which the
SRCA measurements were impacted by sunlight coming from
the Terra MODIS solar diffuser. Typically, the SD door opens
only during the SD calibration time frame, and the SRCA is op-
erated during earth nighttime part of the orbit. Due to an SD door
operation anomaly on day 2003183, a decision was made to keep
the SD door in the open position. Now, the SD is illuminated
every orbit because of the SD door position. Because of this, the
MODIS signal from the SRCA is contaminated by sunlight from
the SD for a small period of time (the SD is illuminated before
the satellite enters the earth daytime part of the orbit). In order
to avoid this contamination, the SRCA spatial characterization is
run 3 min earlier starting from day 2 003 330 to allow the SRCA
measurement to finish before the sun illuminates the SD.

The along-scan BBR for the VIS FPA has a small but noti-
cable periodic oscillation pattern with amplitude of about 20 m
(ground footprint at nadir). As will be discussed later, the oscil-
lation matches closely to the instrument temperature variation.
The NIR FPA has minimal variation because the BBR varia-
tion is relative to band 1 located on the NIR FPA. The SMIR
FPA has unique variation at the beginning of the mission. This
is because during the first 100 days, a series of changes were
made to the SMIR focal plane detector biases in an attempt to
reduce the identified electronic crosstalk. After the detector pa-
rameter settings were fixed, the SMIR BBR became very stable.
For the LWIR FPA, the BBR shifted to a different position in the
first 100 days and since then has been very stable. The current
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Fig. 10. BBR along-scan trending on-orbit.

BBR along-scan values are less than 0.16 km after adding the
prelaunch offset, thus meeting the specification.

Like the along-scan BBR trending, the results from the
along-track BBR trending show a small shift during initial
on-orbit operations for the VIS FPA, and since then, it has
remained fairly constant. The NIR FPA has no problems with
stability as one would expect, since the BBR is normalized
to band 1 on the NIR FPA. Both the SMIR and LWIR FPAs
moved to different positions shortly after launch and have since
remained stable. The current BBR along-track values are all
within specification, except for the BBR between bands 26 and
30 at 0.23 km, which is 30 m out of the specification. Table II
summarizes the most recent BBR values for all 36 spectral
bands in both the along-scan and along-track directions.

It is worth to mentioning that the SRCA spatial mode is also a
useful tool to monitor the modulation transfer function (MTF).
The along-scan measurement is equivalent to using knife-edge
scans across the detectors. The edge of the reticle located at the

focus of the SRCA collimator is imaged onto the FPAs, pro-
ducing a sharp line perpendicular to scan direction. The deriva-
tive of the knife-edge response is the line-spread function (LSF)
from which system MTF can be evaluated. Multiple phase de-
lays further enhance the measurement precision.

V. BBR VARIATION VERSUS INSTRUMENT TEMPERATURE

As shown in Fig. 10, the VIS FPA along-scan BBR trending
clearly displays an annual oscillation. Analysis of instrument
on-orbit telemetry during the SRCA measurements indicates
that this oscillation is correlated to the instrument temperature
variations that result from the annual sun—satellite distance vari-
ation. The MODIS instrument temperature is measured by a
thermistor located near the SMIR objective lens. Fig. 12 is the
BBR trending on-orbit for band 9, all ten detectors. The BBR
variation for all detectors are essentially the same. A trending
line is drawn for detector 5.
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Fig. 11. BBR along-track trending on-orbit.
TABLE 1I BBR along-scan, Band 9
EXAMPLE OF ON-ORBIT BBR RESULTS (DAY 2 004 099)
Band Along-scan | Along-track Band Along-scan Along-track T
1 0 0 19 -0.0545 0.0263 x =
2 0.0186 -0.0002 20 -0.0127 0.0476 S -2
3 -0.0058 0.0015 21 -0.0992 -0.0031 $ e aA--D3
4 -0.0334 0.0175 22 -0.0536 -0.0246 -y D4
5 0.0379 0.0564 23 -0.0873 0.0169 % —*—05
6 0.0425 0.0232 24 0.0263 00288 o
m
7 0.0335 0.0957 25 0.0432 0.0567 om D8
8 -0.0003 -0.0246 26 0.0567 0.1169 D8
9 0.0018 -0.0021 27 -0.0883 -0.0607 0.07 —e—010
10 0.0294 -0.006 28 20.0813 0.0899 - ——
1 0.0332 0.0269 29 0.1001 0.0998 50 250 450 650 850 1050 1250 1450
12 0.0039 0.0175 30 -0.0868 -0.1068 Epoch of 2000
13 0.0134 -0.0052 31 -0.0676 -0.062
14 0.0157 -0.0063 32 -0.0008 -0.0762 Fig. 12. BBR along-scan trending for band 9.
15 0.0222 -0.0132 33 -0.0822 -0.0286
16 0.0356 0.0071 34 -0.1045 -0.0207
17 0.0313 0.0153 35 -0.087 0.0134 In Fig. 13, the MODIS instrument temperature trending is
18 -0.0384 0.0147 36 -0.0844 -0.0063 provided for the same time period. We can see that the instru-
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Fig. 13. Instrument temperature variation trending in SRCA spatial mode.

ment temperature change contains two components: one is slow
increase over time, and the other is an annual variation; both
correlate with the VIS BBR trending pattern very well.

The FPA averaged temperature coefficients along-scan, ex-
pressed in meters per degree, are as follows: 16.7 + 3.2
m/K (VIS), 0.0 £ 0.3 m/K (NIR), 3.6 £ 1.0 m/K (SMIR),
and 4.0 =+ 1.6 m/K (LWIR). The along-track coefficients are
—0.6 £ 0.6 m/K (VIS), 0.0 £ 0.1 m/K (NIR), 1.0 + 1.2
m/K (SMIR), and —2.8 + 0.9 m/K (LWIR). Except for the
VIS along-scan direction, the temperature coefficients are very
small. In deriving the coefficients, some of the data points were
excluded, such as those during early instrument configuration
adjustment and bad data points due to SD door-open impact.
The bands located at the FPA edges with out-of-family data
were also excluded.

VI. CONCLUSION

The SRCA measures the band-to-band registration changes
from prelaunch to on-orbit so that the on-orbit BBR can be
tracked after correcting for the bias between the IAC and the
SRCA. The BBR algorithms for along-scan and along-track
measurements have been presented. The Fourier approach for
the along-track BBR calculation improves the measurements’
robustness. The prelaunch tests show that the Terra MODIS
BBR meets the specification with only a few exceptions
along-scan. The BBR has changed very slightly on-orbit. Four
years after launch, the BBR is still in specification (0.2 km)
along-scan, but 30 m larger than the specification along-track
(band 26 to band 30 only). The BBR varies with instrument
temperature. The VIS FPA has the largest temperature coeffi-
cients. The along-scan FPA averaged temperature coefficients
are 16.7 = 3.2 m/K (VIS), 0.0 £ 0.3 m/K (NIR), 3.6 £ 1.0 m/K
(SMIR), and 4.0 =+ 1.6 m/K (LWIR). The along-track coeffi-
cients are —0.6 = 0.6 m/K (VIS), 0.0 £+ 0.1 m/K (NIR), 1.0 £+
1.2 m/K (SMIR), and —2.8 £ 0.9 m/K (LWIR).
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